Abstract: Plasma polymerization covers a broad range of plasma deposits from soft to hard coatings. Nanoscale coatings are formed within a dry and eco-friendly process on different substrate materials and structures. To gain a deeper insight into plasma polymerization, a macroscopic approach using the concept of chemical quasi-equilibria might be useful. Following this macroscopic approach, the reaction parameter power input per gas flow W/F, which represents the specific energy invested per particle within the active plasma zone, solely determines the mass deposition rate. Hence, plasma polymerization can be described by measuring the deposited mass and examining the power input and gas flow which contributes to it. Thus, the control, investigation, and up-scaling of plasma polymerization processes are enabled. Different examples are given to make use of the macroscopic approach.
PLASMA POLYMERIZATION
When adverting to plasma polymerization, a radical-dominated plasma chemical vapor deposition process (PCVD) is thought of, resulting in macromolecule formation, i.e., mainly amorphous, more or less cross-linked structures. The underlying growth mechanism is known as rapid step-growth polymerization (RSGP) [1] . Gaseous monomers are fed into the active plasma zone, where activation and dissociation processes take place. The recombination of these reactive species, which are mainly radicals, and the reactivation of reaction products determine the plasma polymerization. The main reaction cycles consist either of reactions of reactive species with a single reactive site, or are based on divalent reactive species. Cross-cycle reactions might occur. Furthermore, the surface takes part in plasma polymerization by recombination, yielding deposition and etching processes leading to ablation and re-deposition, considered as a passive zone [2] .
This concept of chemical quasi-equilibria (i.e., the separation into an active and a passive zone) enables a macroscopic approach to plasma polymerization [3] . Following this macroscopic approach, the reaction parameter power input per gas flow (W/F), which represents the energy invested per particle within the active plasma zone, determines the mass deposition rate (R m ) using the following relationship:
(1) *Paper based on a presentation at the 18 th International Symposium on Plasma Chemistry (ISPC-18), 26- 
where G is the reactor depending geometrical factor; W, the power input; F, the gas flow; and E a , an (apparent) activation energy corresponding to the used monomer [4, 5] .
If eq. 1 holds, a linear fit is obtained using an Arrhenius-type plot for the mass deposition rate per gas flow depending on the (inverse) energy input as shown by the straight line in Fig. 1 around the activation energy [6, 7] . The negative slope of the linear fit represents the activation energy, which can be considered to be the dissociation energy to obtain the radicals that predominantly lead to plasma polymer growth [8] . Deviations from this straight line might be found at low specific energies due to oligomerization and at high energies due to ion-induced effects such as enhanced nucleation sites, etching, sputtering, or temperature effects [9] . At rather energetic plasma conditions or long durations, an increasing temperature during plasma polymerization has to be taken into account that might strongly influence the deposition rate depending on the type of monomer used.
While the actual interaction of plasma particles and plasma-induced radiation influence the absolute deposition rates depending on the reactor geometry described by the geometrical factor in eq. 1, the activation energy merely depends on the plasma chemistry of the considered monomer and is thus independent of the reactor design. To demonstrate the general meaning of the activation (dissociation) energy, the true energy consumed within the active plasma zone yielding the measured deposition rate (concept of chemical quasi-equilibria) has to be known [9] . Besides the knowledge of the absorbed power and the gas flow, a geometrical consideration enables the finding of the general activation energy corresponding to the used monomer through the similarity parameter (S), as shown below: (2) where d act is the length of the active plasma zone; d gas , the (mean) distance between gas inlet and deposition area; V gas , the volume occupied by the gas; and V dis , the volume occupied by the gas discharge [6, 10] . Equation 2 helps to find out the specific energy consumed within the active plasma zone which determines the measured deposited mass. Replacing W/F by S within eq. 1, the general activation energy of a certain monomer gas can be derived.
At an energy input below the activation energy, oligomers can take part in the film growth leading to an increased deposition rate compared to eq. 1. High energy inputs, on the other hand, might also yield a deviation from the straight line (Fig. 1) . However, the macroscopic approach helps to identify the range of (basic) plasma polymerization, in which distinct plasma species (film-forming radicals) de- termine the plasma chemistry yielding deposition, and gives hints to optimize the film properties. In a low-pressure plasma, these conditions are given for different monomers and gas mixtures within a broad parameter range, even when additional gases are added to obtain plasma copolymerization [9] . In the latter situation, the total gas flow is given by adding the different gases, considering a flow factor that weights its contribution to the plasma polymerization process using the following relationship:
where F m is the monomer gas; F c , the nonpolymerizable or carrier gas; and a, the reaction cross-section (flow factor) which is smaller than 1. Equations 1-3 enable control, investigation, and up-scaling of plasma polymerization processes. The concept using W/FM (energy per mass of monomer; M: molecular mass of monomer) as a reaction parameter, the so-called Yasuda factor, is well described and used within the literature [4, [11] [12] [13] [14] . This approach is valuable in particular when comparing homologous series of monomers. However, the plasma geometry is not considered, whereas the reaction parameter W/F (energy per plasma volume) gives the energy input into the active plasma zone. Moreover, we introduced the use of an Arrhenius-type plot (with W/F instead of temperature) to evaluate the deposited mass per area out of the active plasma zone. Hence, the regime of plasma polymerization (radical-dominated, etching, influence of oligomers or ions) can easily be identified. Recently, more and more groups adapt this approach [15] and start to make use of the Arrhenius-type plot to optimize their plasma polymerization processes [16] .
RESULTS AND DISCUSSION

Equation 1
can be used to analyze each data set of plasma polymerization in order to identify the region of the linear fit (validity of eq. 1 around the activation energy) and deviations from it (see Fig. 1 ). However, the real energy invested per particle within the active plasma zone might not be known, yielding a process and reactor-related activation energy. Nevertheless, this approach can already be used for process optimization and up-scaling.
Symmetric reactors
To gain deeper insights into plasma polymerization, a well-defined reactor geometry is helpful, such as a symmetric, plane parallel electrode set-up (Fig. 2) . The power absorption W can easily be measured using a V/I probe, since the electrodes constitute the reactor vessel. Using a gas shower covering the electrode area, the gas flow F through the active plasma zone is also well defined and the volume of gas discharge equals the volume where the gas is spread, i.e., V dis = V gas . For deposition rates measured at the bottom electrode, the gas particles travel on average a distance related to the electrode distance d el . Thus, eq. 2 is simplified, giving (4) The active plasma zone is defined as the bulk plasma between the two plasma/sheath boundaries, where excitation and dissociation processes are taking place. As long as the process conditions do not vary too much or the distance of the electrodes is too big (the plasma builds up a gap in the center of the reactor) d act can be considered a constant (i.e., also independent on pressure) and eq. 4 gives the actual specific energy dissipated in the active plasma zone to generate film-forming radicals. Note that a zoo of plasma species is generated; by measuring the deposited mass, however, merely the film-forming species are covered, yielding plasma polymerization.
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Now, this set-up can be used to investigate different monomers and mixtures to determine the monomer-related activation energy, which gives the dissociation energy to obtain the radicals that predominantly lead to plasma polymer growth [17] . Moreover, the influence of nonpolymerizable gases can be examined to obtain the amount of energy consumed by the additional gases, again with respect to their contribution to film formation [9] .
Asymmetric reactors
Many plasma reactors, however, are more or less asymmetric, since the electrode is mounted inside a reaction vessel. The degree of asymmetry depends on the areas (the capacities) of driven electrode to counter electrode (e.g., the total recipient). Due to the concentration of the electric fields in front of the driven (smaller) electrode and the development of a self-bias, large potential drops can be obtained across the plasma sheath, yielding a strong interaction with energetic particles during film growth. Moreover, the expansion of the active plasma zone now directly depends on the external plasma parameters such as power input W, pressure p, and gas composition. For volume-dominated discharges (e.g., hydrocarbons or mixtures of monomers with carrier gases at sufficiently low pressure) V dis ≈ V gas might still be assumed, thus, the variation of d act with W and p can be examined [18] . The expansion of the active plasma zone can be obtained from the luminosity distribution assuming that radiation scales with excitation processes.
The enhancement of deposition rates and the scale-up of plasma polymerization processes are of practical relevance, for example. Since the gas-phase processes of plasma polymerization (plasma chemistry) solely depend on the reaction parameter W/F, as can be seen from eq. 1, W/F might be kept constant while increasing the monomer flow (and thus the power input) to obtain higher deposition rates. However, this results in broadening of the active plasma zone [18] . A thorough examination of d act (W, F) for methane discharges at constant pressure (7.5 Pa) reveals that the width of the active plasma zone reliably scales with power input (Fig. 3) .
Thus, the similarity parameter of eq. 2 is given by
Equation 5 can now be used for scale-up and enhancement of deposition rates while maintaining the plasma chemistry, e.g., retention of functional groups. Nevertheless, the increasing interaction of energetic particles during film growth has to be taken into account for increasing power input. The film microstructure and morphology might thus be influenced [19] . In case the film properties are strongly affected, the increase in potential drop might be balanced by adjusting the degree of asymmetry of the plasma reactor or by an increase in pressure (and thus more particle collisions).
A change in pressure, however, also influences the plasma expansion by the varying plasma length d act , which increases with decreasing pressure. Moreover, the transition between volume-dominated, i.e., V dis ≈ V gas , and corner-dominated discharge with V dis < V gas has to be considered looking at pressure variations [20] . In all cases, the way of the incoming gas particles through the active plasma zone(s) (i.e., their residence time) determine their degree of activation and thus the formation of filmforming radicals. This is regarded in eq. 2 in order to compare different plasma conditions and reactors.
Addition of reactive gases
Equations 1-3 can also be used to control the influence of additional (carrier or reactive) gases on plasma polymerization. The presented concept was successfully used to identify different regimes indicating radical-dominated deposition (area of linear fit within the Arrhenius-type plot) or etching and sputtering effects as shown in Fig. 4 [2, 9] . Chemical etching effects can be seen by a reduction in deposition rate (as for C 2 H 2 /CO 2 ), while a drop in the deposition rate indicates sputtering (as for C 2 H 2 /NH 3 at enhanced energy input) or a change in the deposition mechanism according to the RSGP model (as for C 2 H 2 /H 2 O) [1] . Rivaling deposition/etching effects can then be used to obtain nanostructured plasma coatings [21, 22] .
Most of all, the addition of nitrogen-containing gases to hydrocarbons is of high interest, since the flow factor a in eq. 3 was found to be high (0.35 for N 2 , 0.5 for NH 3 ) [9, 17] . This means that nitrogen-containing radicals (mainly NH 2 and CN) participate in film formation [23] . Moreover, CN was also identified as an etching radical, while N 2 + ions yield sputtering effects [24] . Looking at the literature dealing with a-C:N:H coatings, it remains often unclear whether etching or sputtering effects prevail. The conditions might also differ a lot, comparing the deposition at the cathode (i.e., the RF-driven electrode) and the anode (i.e., the counter electrode) within an asymmetric set-up. Zhang et al. explained their finding of a strong reduction in deposition rate with increasing N 2 partial pressure (N 2 /(N 2 +CH 4 ) ratio) at the cathode (self-bias of -650 V, pressure of 40 Pa) mainly by ion bombardment (N 2 + ), while the almost constant deposition rate obtained at the anode was not easy to explain [24] . However, using the macroscopic approach to describe plasma polymerization, the situation becomes much clearer as depicted in Fig. 5 . Here, eqs. 1 and 3 with a = 0.35 were used.
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Macroscopic control of plasma polymerization processes 1897 The evaluation of the deposited mass reveals that the conditions at the anode mainly follow eq. 1, the regime of plasma polymerization. The increased deposition at higher energy input might be due to the onset of ion-induced effects. The reduced deposited mass for increasing energy input at the cathode, on the other hand, is clearly indicative of N 2 + ion bombardment and the formation of hard coatings due to the high bias voltage of -650 V, whereas the coatings deposited on the anode were found to be polymer-like due to low interaction of energetic particles [24] . Thus, the presented macroscopic approach can also be utilized to re-engineer plasma polymerization experiments.
Fluorocarbon discharges
Furthermore, the approach using macroscopic kinetics enables us to look at different monomers that are of interest (e.g., fluorocarbons). Depositions from fluorocarbon discharges undergo rivalling deposition/etching effects, and it is controversially discussed whether they can be considered as radical-dominated plasma [2, 13] . Silverstein et al. were using an asymmetric RF plasma with hexafluoropropylene (HFP) around 200 Pa and tried to plot the deposited mass of HFP vs. W/FM [12] . To fit their data, they proposed a reaction parameter W/F 3 (instead of W/F), which is proportional to Wτ 2 /FM with the resi- dence time τ of the reacting species in the reactor, in order to describe the reduction in deposition rate at enhanced energy inputs. However, using the Arrhenius-type plot with the specific energy W/F as reaction parameter, it can be seen that a linear fit is no longer appropriate for energies above the apparent activation energy (Fig. 6) . It can be assumed that etching effects prevail, since the high pressure used does not favor sputter effects. It is known from spatially resolved laser-induced fluorescence (LIF) measurements on growing fluorocarbon films that CF 2 radicals are generated at the substrate surface through plasma interactions with the growing film [25] . Recently it was shown that the CF 2 surface production is linearly correlated to the mean ion energies within the fluorocarbon discharges [26] . Therefore, the concept of chemical quasi-equilibria might not be applicable, since the plasma polymerization might be strongly influenced by energetic particles (no radical-dominated process) and the substrate surface cannot be considered as passive zone. Hence, fluorocarbon discharges can be described by macroscopic kinetics merely at low energy inputs. Nevertheless, the described approach helps to identify the regime in which one is working.
CONCLUSIONS
The macroscopic approach to describe plasma polymerization can successfully be used to control plasma polymerization processes. By evaluation of the deposited mass (per area out of the active plasma zone) the regime of plasma polymerization (i.e., radical-dominated film growth) can be identified as well as etching or sputtering effects by using an Arrhenius-type plot. Hence, the plasma chemistry within the active plasma zone as well as the conditions at film growth can be controlled and influenced. (Re-) engineering and up-scaling of plasma polymerization is thus enabled.
It should be noted that by measuring the deposited mass, only processes yielding film formation are governed. Thus, it is a different approach compared to using plasma diagnostics, which gives information about all plasma chemical processes in the gas phase. Both techniques should thus be combined to learn more about the film growth mechanisms.
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